INTRODUCTION {#sec1-1}
============

Human blood vessels act as channels to deliver oxygen and nutrients to every cell in our body and remove waste and this explains why maintenance of a healthy vasculature is crucial for health, well-being and ultimately survival. Vascular endothelial cells also contribute to the formation of new blood cells through a process known as haematopoiesis. It is not surprising that abnormalities in the vasculature or vascular dysfunction are linked to diverse disorders, from cancer to heart failure and death. Better understanding of mechanism of blockage and its prevention is crucial for improving human health. Atherosclerosis is a disease of the arteries characterised by the deposition of plaques of fatty material on their inner walls and this constitutes a major risk for cardiovascular disease, which is a leading cause of death worldwide.\[[@ref1]\] Atherosclerosis is an inflammatory process involving soluble mediators, macrophages and vascular smooth muscle cells.\[[@ref1]\] Low density lipoproteins (LDL) play a critical role in atherogenesis, by passing through the arterial wall and accumulating locally in the intima of arterial walls where they are prone to undergo oxidation. Oxidised Low density lipoproteins (oxLDL) stimulate inflammatory signalling, trigger macrophages to accumulate cholesterol and to form foam cells of fatty streaks- the hallmark of early atherosclerotic lesions.\[[@ref1]\] This is further followed by the development of fibrous and atheromatous plaques.\[[@ref1]\] Furthermore, in cultured cells, it is shown that oxLDL can induce both morphological changes and DNA fragmentation, characteristic of apoptosis.\[[@ref2]\] Oxidative processes are likely to play a key role in determining the fate of lesion formation, its progression and enhancement of the plaque stability.\[[@ref3]\] Epidemiological evidence indicates that plants, which are rich in antioxidants and anti-inflammatory properties, are able to reduce cardiovascular pathological conditions,\[[@ref4]\] indicating the need for more research in this area.

*Scoparia dulcis* L. (Scrophulariacae), also known as sweet broom weed, is an edible ethnomedicinal folklore herb used in the Indian Ayurveda to treat kidney stones.\[[@ref5]\] Additionally, this plant has attracted global interest for its various medicinal properties. These include anti-diabetic properties, anti-hypertensive effects as well as anti-hyperlipidemic and anti-tumour effects.\[[@ref6][@ref7]\] Recently, Coulibaly *et al*.,\[[@ref8]\] showed that the whole *S. dulcis* plant possessed high antioxidant and anti-inflammatory properties. Furthermore, it has been reported to lower the LDL cholesterol levels in streptozotocin-diabetic rats.\[[@ref9]\]

In combination with the activities described above and the kidney stone dissolving property of the plant,\[[@ref5]\] the latter property is a significant feature in carotid atherosclerosis.\[[@ref10]\] Therefore, it could be envisioned that *S. dulcis* may have the potential to combat atherosclerosis although this has not been experimentally established so far. Here, we examined the foam cell preventing potential of extracts obtained from leaves of *S. dulcis* which has not previously been done with this plant. Since; atherosclerosis is precluded by free radical mediated oxidation and inflammation, we examined the potential of this plant to prevent oxidation and inflammation. The aim of this study was to examine the antioxidant and anti-inflammatory properties of various extracts of *S. dulcis* and their ability to inhibit LDL oxidation, thus preventing foam cell formation in cell line models. Furthermore, we screened the methanol extract for its phytochemical content because this could be responsible for the activity.

MATERIALS AND METHODS {#sec1-2}
=====================

Chemicals {#sec2-1}
---------

All chemicals were purchased from Sisco Research Laboratories Pvt. Ltd. (Mumbai, India), except for hydrogen peroxide (from Avantor Performance Materials India Ltd., RANKEM, Faridabad, India), potassium dihydrogen phosphate and fetal bovine serum (from HiMedia Laboratories, Mumbai, India), butyl hydroxyl anisole, DPPH, DMEM media, antibiotics (streptomycin-penicillin), thiobarbituric acid, aluminium chloride, 1,1,3,3-tetramethoxypropane, paraformaldehyde, quercetin, Oil red O stain and Folin-Ciocalteu\'s reagent (from Sigma-Aldrich, Bangalore, India).

Plant collection and extraction {#sec2-2}
-------------------------------

*Scoparia dulcis* plants were collected from watery areas of the Thrissur district, Kerala State, India, and grown in a greenhouse under ambient conditions. The leaves were collected, washed briefly with distilled water and oven dried at 55°C (until a uniform weight was obtained) and powdered leaves (20g) were extracted sequentially with different organic solvents in the order hexane\<ethyl acetate\<acetone\<methanol. The extraction was carried out according to the method described by Abdille *et al*.\[[@ref11]\]

Antioxidant activities {#sec2-3}
----------------------

The free radical scavenging activity of the extracts were measured *in vitro* by the 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay.\[[@ref12]\] The DPPH radical scavenging activity was calculated as follows:

DPPH radical scavenging (%) =100× (A~0~-A~S~)/A~0~, where A~0~ is the absorbance of the control and A~S~ is the absorbance of the sample. Hydrogen peroxide scavenging assay was carried out following the procedure described by Gülçin *et al*.\[[@ref13]\]

Lipid peroxidation inhibition activity {#sec2-4}
--------------------------------------

The degree of lipid peroxidation was assayed by estimating the thiobarbituric acid-reactive substances (TBARS), using the method of Ohkawa *et al*.,\[[@ref14]\] with minor modifications. Briefly, different concentrations of extracts (1-7mg/ml) were added to 10% rat liver homogenate. Lipid peroxidation was initiated by adding 100 μl 15 mM ferrous sulphate (FeSO~4~) solution to 3ml liver homogenate (final concentration was 0.5mM). After 30 min, 100 μl of this reaction mixture was added to a tube containing 1.5ml 0.67% thiobarbituric acid (TBA) in 50% acetic acid (*w/v*). The mixture was incubated in a boiling water bath for 30 min to complete the reaction. The absorbance of the pink coloured complex formed was measured at 535 nm using a spectrophotometer (Shimadzu UV 160 Spectrophotometer, Shimadzu, Japan). The percentage inhibition of lipid peroxidation was calculated as for the DPPH radical scavenging.

Stabilisation of human red blood cell (HRBC) membranes {#sec2-5}
------------------------------------------------------

The influence of the extracts on stabilisation of HRBC was assessed by the method of Bode and Oyedapo.\[[@ref15]\] Blood from healthy human volunteers was diluted with Alsever\'s solution containing dextrose (2%, *w/v*), sodium citrate (0.8%, *w/v*), citric acid (0.05%, *w/v*) and sodium chloride (NaCl, 0.42%, *w/v*) in water (the ratio of blood and Alsever\'s solution was 1:1, v/v) and centrifuged at 1500g. The packed cells were mixed with isosaline (0.85% NaCl, *w/v* at pH 7.2) and centrifuged at 1500g until a clear supernatant was obtained and then a 10% (v/v) suspension with isosaline was made. The reaction mixture for each extract contained 1 mg/ml extract, 2ml hyposaline (0.36% NaCl, *w/v*), 1.0 ml 0.1 M phosphate buffer (pH 7.4) and 0.5 ml erythrocyte suspension to reach a total volume of 4.5 ml. The standard anti-inflammatory drug for the assay was ibuprofen.\[[@ref16]\] The control was prepared as above without extract (or ibuprofen as control) whereas the extract control (4.5 ml) lacked the erythrocyte suspension. The reaction mixtures were incubated at 56°C for 30 min. The absorbance of the released haemoglobin was read spectrophotometrically at 560 *nm* (Shimadzu UV 160 Spectrophotometer, Shimadzu, Japan). The membrane stability (%) was calculated as follows:
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Anti-atherosclerotic effects: Protection of LDL from oxidation {#sec2-6}
--------------------------------------------------------------

Low density lipoprotein (LDL) isolation was done by the method of Orrego *et al*.\[[@ref17]\] Blood from healthy human volunteers was collected in anticoagulant tubes containing 0.1% ethylene diamine tetra acetic acid (EDTA, *w/v*) as anticoagulant. The tubes were centrifuged at 600g for 15 min and plasma was collected. The density of plasma was then adjusted to 1.3 g/ml with potassium bromide (KBr). A volume of 1.5 ml adjusted plasma was layered under 3.5 ml of normal saline (density = 1.006 g/ml) in 5 ml ultra clear quick seal tubes to form a discontinuous NaCl/KBr density gradient. This was then centrifuged in Beckman vertical rotor Vti 65 at 369,548 g for 90 min. Collection of lipoprotein fractions was done by a peristaltic pump and the collected LDL fractions were dialysed overnight against 0.1 M phosphate buffer saline (PBS, pH 7.4) to remove KBr and EDTA.

LDL oxidation prevention capacity of extracts was assayed using the method of Orrego *et al*.\[[@ref17]\] Two different concentrations of the extracts or Butyl hydroxy anisole (BHA) was incubated with LDL (100 μg protein/ml) in 50 mM PBS (pH 7.5) in a total volume of 4 ml for a period of 30 min. The positive control contained only LDL, but no extracts or BHA. Initiation of the reaction was done by the addition of 10 μM CuSO~4~ to all tubes. Aliquots of 0.5 ml were taken at 5 and 20 h after initiation and mixed with 0.25 ml 2.5% trichloroacetic acid (v/v) and 0.25 ml 1.0% (*w/v*) 2-thiobarbituric acid. The aliquots were vortexed and kept in a boiling water bath for 30 min. After 30 min, the mixtures was cooled to room temperature and the pink chromogen was extracted in n-butanol (2.0 ml) followed by spectrophotometric readings at 532 *nm* (Shimadzu UV 160 Spectrophotometer, Shimadzu, Japan). TBARS concentrations were calculated from a standard graph prepared using 1,1,3,3-tetramethoxypropane as standard. Results are expressed as nanomoles malondialdehyde MDA equivalents/mg of LDL protein and as per cent inhibition on MDA-TBARS formation compared to the control.

Anti-atherosclerotic effects: foam cell formation {#sec2-7}
-------------------------------------------------

LDL isolation was performed as described for lipid peroxidation activity. Oxidation of LDL was performed by the method of Greenspan *et al*.\[[@ref18]\] Incubation of LDL (200 μg protein/ml) took place in 0.01 M PBS (pH 7.4), which contained 5 μM CuSO~4~ for 18 h at37°C. RAW 264.7 macrophage cells were procured from The National Centre for Cell Sciences (Pune, India) and grown in Dulbecco\'s modified Eagle\'s Medium supplemented with 10% (*w/v*) fetal bovine serum and 1% antibiotics (streptomycin-penicillin-G). Cells (3 × 10^5^) were seeded in 12 well plates and grown in media to which oxLDL (100 μg/ml) and extracts (30 μg/ml) were added followed by incubation for 48 h. Conversion of normal RAW 264.7 cells to foam cell morphology was observed by processing the cells by Oil red O staining after 48 h, by the method of Kalayoglu and Byme.\[[@ref19]\] Briefly, RAW 264.7 macrophages were fixed using 2% paraformaldehyde for 15 min, stained for 30 min with 1% Oil-Red O (in 60% isopropanol), washed with distilled water and observed at 60X magnification on an inverted microscope (Olympus IX 50).

Estimation of total phenolics {#sec2-8}
-----------------------------

Total soluble phenolics of the extracts were determined by the method of Gülçin *et al*.\[[@ref20]\] with Folin-Ciocalteu\'s reagent using gallic acid as the standard. For each extract, 1 ml aliquots (1 mg/ml) was added to test tubes and the final volume adjusted to 10 ml by the addition of distilled water. Folin-Ciocalteu\'s reagent (1 ml) was added to this mixture, followed by 3 ml 2% (*w/v*) sodium bicarbonate (NaHCO~3~) 3 min later. Subsequently, the mixture was shaken for 2 h at room temperature and the absorbance measured spectrophotometrically at 760 *nm* (Shimadzu UV 160 spectrophotometer, Shimadzu, Japan). The concentration of total phenolic compounds in the extracts was determined as μg gallic acid equivalents by using a standard gallic acid graph.

Estimation of total flavonoids {#sec2-9}
------------------------------

The total flavonoid content in the extracts was determined by using the colorimetric assay originally described by Basniwal *et al*.,\[[@ref21]\] with slight modifications. Briefly, 0.3 ml solution of extracts (1 mg/ml) in 45% ethanol was separately mixed with 8 ml 10% aluminium chloride (*w/v*) in distilled water and 4 ml 0.2 M sodium acetate (CH~3~COONa). The mixed solution was then immediately diluted to a volume of 25 ml with deionised water, mixed thoroughly and left at room temperature for 30 min. The absorbance of the reaction mixture was measured spectrophotometrically at 350 *nm* (UV-2450 Spectrophotometer, Shimadzu, Japan). Total flavonoid content was calculated from a standard curve using quercetin. The results are expressed asmg quercetin equivalents/100 mg extract.

Estimation of total carotenoids {#sec2-10}
-------------------------------

The absorbance of the different extracts was recorded spectrophotometrically at 450, 470, 645 and 661.5 *nm* (Shimadzu UV 160 spectrophotometer, Shimadzu, Japan). The content of chlorophyll and total carotenoids were calculated using the Lichtenthaler equation:\[[@ref22]\]

Chlorophyll a: Chl (a) (μg/ml) = 11.24 × OD~661.5~ - 2.04 × OD~645~Chlorophyll b: Chl (b) (μg/ml) = 20.13 × OD~645~ - 4.19 × OD~661.5~Total chlorophyll (μg/ml) = \[7.05 × OD~661.5~ + 18.9 × OD~645~\]Total carotenoids (μg/ml) = (1000 × OD~470~ - \[1.9 × chl (a) +63.14 × chl (b)\])/214

Estimation of total tannins {#sec2-11}
---------------------------

The tannins were quantified using the method of Price and Butler,\[[@ref23]\] with some modifications. In short, 0.5 ml aliquots of extracts (5 μg/ml) were transferred to test tubes. To each tube, 1 ml 1% potassium ferricyanide (K~3~Fe(CN)~6~) and 1 ml 1% ferric chloride (FeCl~3~) were added, followed by addition of water to a final volume of 10 ml. After 5 min, the absorbance of the solutions was measured spectrophotometrically at 720 *nm* (Shimadzu UV 160 spectrophotometer, Shimadzu, Japan). The tannin concentrations were calculated on the basis of the optical absorbance values obtained for the standard solutions of tannic acid in the range of 5-25 μg/10 ml.

Chromatographic conditions and HPLC analysis {#sec2-12}
--------------------------------------------

The HPLC flavonoid fingerprint of the methanol sequential extract (4.0 mg/ml) was performed by the method of Sonia Mesía-Vela.\[[@ref24]\] A C-18 reverse phase column (150 mm × 4.6 mm) was used. In the HPLC programme, the mobile phases were: A = 0.1% trifluoroacetic acid (TFA) (pump A) and acetonitrile (ACN) (pump C). The gradient was 0-10 min 100% A, 10-20 min 80% A, 20-30 min 60% A and 30-40 min 40% A. Detection was at 350 nm, the flow rate 1 ml/min, the run time 40 min and sample size 20μl. Peaks were identified using flavonoid standards.

Statistical analysis {#sec2-13}
--------------------

All experiments were carried out independently three times (*n* = 3) and results expressed as mean ± SEM. Statistical analyses (ANOVA) were carried out with the programmepackage SPSS, version 10.0 and means were separated by Tukey\'s test (*P* \< 0.05).

RESULTS {#sec1-3}
=======

DPPH radical scavenging activity {#sec2-14}
--------------------------------

The scavenging activity of the four extracts against DPPH was concentration-dependent \[[Table 1](#T1){ref-type="table"}\]. The methanol extract showed the highest DPPH scavenging activity followed by the ethyl acetate, acetone and hexane extracts. Interestingly, the methanol extract was as effective as the positive control, BHA, in scavenging 50% of DPPH radicals present in the reaction mixture (IC~50~) \[[Table 1](#T1){ref-type="table"}\]. The IC~50~ values of ethyl acetate, acetone and hexane extracts were significantly different from each other and higher and therefore lesser activity than methanol extract.

###### 

Antioxidant and anti-inflammatory assays of *Scoparia dulcis* sequential extracts. IC~50~ values of different sequential extracts are compared with that of butyl hydroxyl anisole in DPPH assay, H~2~O~2~ scavenging assay and lipid peroxidation assay
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H~2~O~2~ scavenging activity {#sec2-15}
----------------------------

H~2~O~2~ scavenging activity was evaluated by a decrease in the formation of chromogen in the Fenton reaction \[[Table 1](#T1){ref-type="table"}\]. The H~2~O~2~ scavenging activity was highest in the methanol followed by the ethyl acetate extract as indicated by their IC~50~ values of 28 and 46 μg/ml, respectively. The IC~50~ values of the different extracts were significantly different from each other except for the ethyl acetate and acetone extracts. The IC~50~ values of BHA and the methanol extract were not significantly different, showing that the methanol extract was as effective as BHA in scavenging H~2~O~2~.

Lipid peroxidation inhibition activity {#sec2-16}
--------------------------------------

The inhibition of lipid peroxidation by the four extracts of *S. dulcis* leaves on rat liver homogenate was measured by the colour intensity of the MDA-TBA complex and the ability of inhibition by different extracts was evaluated by comparing their IC~50~ values, the extract with the lowest IC~50~ value having the best inhibition capacity \[[Table 1](#T1){ref-type="table"}\]. Thus, the methanol and ethyl acetate extracts showed the highest effectiveness with IC~50~ values of 1.38 and 2.67 μg/ml respectively. On the other hand, the hexane and acetone extracts were not as effective in the lipid peroxidation assay as in the other antioxidant assays. The methanol extract had an IC~50~ value not significantly different from BHA \[[Table 1](#T1){ref-type="table"}\], thus being better than the other extracts in inhibiting lipid peroxidation. All the other solvent extracts differed significantly from BHA and the methanol extract.

Human red-blood cell membrane stabilisation {#sec2-17}
-------------------------------------------

The anti-inflammatory properties of the leaf extracts of *S. dulcis* were tested by the HRBC membrane stabilisation method \[[Table 2](#T2){ref-type="table"}\]. The leaf extracts showed variable degrees of protection against erythrocyte cell lysis. The percentage of protection was highest in the methanol extract followed by the ethyl acetate and acetone extracts, although the level of protection afforded by the extracts was less than that of Ibuprofen. The hexane extract was able to give protection against cell lysis to a lower extent (17.50%) than the acetone extract (82.50%), which in turn had lower protection ability than the methanol extract (85.88%). The protection levels exerted by the different extracts were significantly different from each other except for the ethyl acetate (83.50%) and acetone extracts (82.50%). Thus, most leaf extracts had considerable anti-inflammatory properties and especially the methanol extract provided significant protection against erythrocyte lysis.

###### 

Erythrocyte membrane stabilisation of *Scoparia dulcis* sequential extracts compared with that of the standard anti-inflammatory drug, ibuprofen
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Inhibition of LDL oxidation {#sec2-18}
---------------------------

CuSO~4~-induced LDL oxidation was noted as a time dependent increase in TBARS over a period of 20 hours (h)\[[Table 3](#T3){ref-type="table"}\]. The recording time points (5 and 20 h) were selected according to the level of protection provided by the plant extracts. As the concentration of different extracts were increased at 5 h, the percentage inhibition of LDL oxidation also increased. However, exceptions were the acetone and hexane extracts which did not show significant concentration dependent changes. Of the remaining two extracts, the methanol extract showed the highest protective effect. However, at 5h, the percentage inhibition was significantly lower compared to that of BHA. Interestingly, it was seen that whereas the protective effect of BHA stabilised at 20h, the LDL oxidation inhibition percentage of all extracts increased significantly except for the ethyl acetate extract (100 μg/ml) for which the protection percentage decreased significantly at 20 h. The significant increase was both concentration and time dependent for the methanol extract (100 μg/ml showing the highest inhibition) as seen in [Table 3](#T3){ref-type="table"}. Thus, the methanol extract of *S. dulcis* leaves was effective in inhibiting LDL oxidation and there was a sustained inhibition with increasing time and increasing concentrations.

###### 

Prevention of LDL oxidation by different concentrations of *Scoparia dulcis* sequential leaf extracts compared to that of butyl hydroxyl anisole
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Inhibition of foam cell formation from macrophages induced by oxidised LDL {#sec2-19}
--------------------------------------------------------------------------

It is known that incubation of macrophage cells with oxLDL causes the cells to take up LDL in an unregulated manner and this results in formation of foam cells. The effect of the four sequential extracts of *S. dulcis* on conversion of oxLDL-treated macrophages (RAW 264.7) to foam cells was determined and it was seen that after the addition of the methanol extract at a concentration of 30 μg/ml, oxLDL-treated cells showed a significant decrease or no formation of foam cells at all \[[Figure 1](#F1){ref-type="fig"}\]. Ethyl acetate, acetone and hexane extracts did prevent the formation of foam cells.

![Conversion of cultured mice RAW 264.7 cells to foam cells after treatment with extracts of *S. dulcis*. (a) Control cells; (b) Cells treated with oxidised LDL resulting in foam cells (stained with Oil red O). The formation of foam cells is seen by the Oil red O stain taken up by cells as shown by the arrows. (c) Cells treated with oxidised LDL and 30 ìg/ml methanol extract. Note absence of foam cells as evident from the absence of stained cells](PM-10-240-g005){#F1}

Phytochemical screening of leaf extracts {#sec2-20}
----------------------------------------

The yield and various phytochemical constituents of the different solvent extracts of *S. dulcis* leaves are shown in [Table 4](#T4){ref-type="table"}. The amount of extractable components from the dried leaves, expressed as percentage yield, varied significantly from 16.06% (methanol extract) to 1.50% (acetone extract). The amount of total phenolics in terms of gallic acid equivalents varied significantly from 0.10 mg/100 mg in the hexane extract to 1.03 mg/100 mg in ethyl acetate extract. The amounts of total flavonoids varied significantly at the level of *P* \< 0.05 in the different extracts and ranged from 2.50 (hexane extract) to 8.69 (methanol extract) mg quercetin/100 mg extract.

###### 

Content of phytochemical in *Scoparia dulcis* sequential leaf extracts
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The ethyl acetate extract contained significantly higher amounts of carotenoids (0.54 mg/100 mg) and tannins (0.68 mg TAE/100 mg) than the other extracts, whereas the lowest levels of these phytochemicals were 0.02 mg/100 mg (methanol extract) and 0.17 mg/100 mg (acetone and hexane extracts), respectively.

HPLC profiling for flavonoids in the methanol extract {#sec2-21}
-----------------------------------------------------

The HPLC flavonoid fingerprint of the *Scoparia dulcis* methanol extract is shown in [Figure 2](#F2){ref-type="fig"}. The largest peak, eluted at retention time 23.97 min, was identified to be rutin from standards run using the same programme. Another peak eluted at 24.53 min was identified to be myricetin from the standards. The smaller peaks were not identified.

![HPLC chromatogram HPLC chromatogram showing flavonoids in the methanol extract from *Scoparia dulcis* leaves. using C-18 column](PM-10-240-g007){#F2}

DISCUSSION {#sec1-4}
==========

Plant-based antioxidants can elicit increased synthesis of endogenous antioxidant defences or themselves act directly as antioxidants.\[[@ref25]\] The choice of the method used for antioxidant analysis has often been questioned. Therefore, we used an array of different methods for assessing antioxidant activity to analyse the bio-efficacies of different extracts. *Scoparia dulcis* is an edible plant (also used to prepare health drinks in some areas) that has been used extensively as a medicinal herb since ancient times in India. In the present study, sequential leaf extracts of *Scoparia dulcis* were studied to assess their capacities to scavenge reactive oxygen molecules. Furthermore the capacity of the extracts to inhibit the formation of foam cells through inhibition of LDL oxidation was examined, as these factors contribute significantly to the initiation of atherosclerosis. It was found that only the methanol extract had the ability to prevent foam cell formation at a concentration of 30μg/ml and furthermore, this extract also showed the highest antioxidant activity which is comparable to that of the standard drug BHA. Previously, *S. dulcis* has been found to be able to reduce the cholesterol level in blood serum of rats.\[[@ref9]\] However this is the first report on the foam cell prevention ability of *Scoparia dulcis* leaf extracts. Thus, our findings that the antioxidant and anti-inflammatory capacity of *S. dulcis* leaves is at the same level as that of BHA, coupled with the fact that the plant is edible whereas BHA is carcinogenic,\[[@ref26]\] suggest a future possible use of this plant for pharmaceutical purposes or as a neutraceutical through its use in beverages such as tea and juices to help in the prevention of atherosclerosis. However, further research is required for the fulfilment of this purpose.

*In vitro* incubation of macrophages in the methanol extract of *S. dulcis* inhibited the formation of foam cells at a concentration as low as 30 μg/ml \[[Figure 1](#F1){ref-type="fig"}\]. The oxidative modification hypothesis of atherosclerosis suggests that circulating LDL particles are modified by oxidation and such modified LDL molecules are then taken up by macrophages located inside the arterial wall, resulting in building up cholesterol plaques.\[[@ref1]\] Such cholesterol-dependent macrophage formation is known to be the first step in initiating atherosclerotic plaques. Hence, it is important to consume natural dietary antioxidative nutrients, capable of reducing plasma cholesterol and suppressing oxidation of LDL so that their accumulation in macrophages is prevented since this will eventually reduce the development of atherosclerosis.\[[@ref1]\]

Since the *S. dulcis* methanol extract showed high antioxidant and anti-inflammatory potential, as illustrated by the ability to prevent foam cell formation, it could potentially reduce the development of aortic atherosclerotic lesions. The inhibition of foam cell formation could possibly be due to inhibition of oxidation of LDL by the antioxidant potential of the plant extract as has been established in other studies. Thus, Esterbauer *et al*.,\[[@ref27]\] reported that aldehyde products from lipid hydroperoxide breakdown processes were responsible for the modification of the LDL apoprotein, thereby inhibiting lipid peroxidation and preventing the formation of foam cells, which in turn prevented the initiation of the atherosclerotic lesions. Furthermore, Hishikawa *et al*.,\[[@ref28]\] suggested that the antioxidant activities of many polyphenols are responsible for their protection against atherosclerosis. In addition, a direct relation between the polyphenol content and antioxidant activity was seen in *Carthamus tinctorious*.\[[@ref29]\]

Azizova *et al*.,\[[@ref30]\] showed that erythrocyte membranes during atherosclerotic conditions are prone to lysis in the presence of oxidised LDL. We found that the methanol extract caused efficient inhibition of lipid peroxidation, which was further supported by its potential to stabilise erythrocyte membranes.

In order to determine whether there was a correlation between the phytochemical content and antioxidant and anti-inflammatory activity in *S. dulcis*, a phytochemical screening was carried out and it was found that the methanol extract had the highest amount of flavonoids followed by the ethyl acetate extract. Since the methanol extract showed high levels of antioxidant and anti-inflammatory activity, and also because this extract contained high amount of flavonoids, it is probable that the flavonoids present in the extract could be responsible for the positive activity. Earlier, Pereira *et al*.,\[[@ref31]\] correlated high antioxidant activity of plant extracts to high polyphenolic content. Flavonoids are a class of strong anti-lipoperoxidant agents, and they have also been found to strongly scavenge reactive oxygen species known to cause oxidative stress.\[[@ref32]\] Reactive oxygen species are involved in tissue injury through initiation of lipid peroxidation, leading to LDL oxidation. Flavonoids were also shown to localise within activated macrophages in human atherosclerotic lesions and prevent the uptake of oxidised LDL through the down-regulation of scavenger receptors,\[[@ref33]\] thus indicating their role in prevention of atherosclerosis.

*In vitro* and *in vivo* experiments with flavonoids from other sources have demonstrated their strong dietary antioxidant potential, ability to inhibit LDL oxidation, platelet aggregation and suppression of enzymes involved in lipid and lipoprotein metabolism.\[[@ref34][@ref35]\] In addition, flavonoids, *via* suppression of LDL oxidation, may also induce endothelium-dependent vasorelaxation and may increase reverse cholesterol transport.\[[@ref34]\] The reason why flavonoids inhibit LDL oxidation could be their chelation of copper ions, as has been demonstrated in the case of quercetin.\[[@ref36]\] Grassi *et al*.,\[[@ref37]\] reported that flavonoids possess protective effects against the initiation and progression of atherosclerosis. These results also suggest that the activity of *S. dulcis* could be due to its flavonoid content, such as rutin, myricetin or quercetin. However the role of other classes of flavonoids such as flavanones, dihydroflavonols and polymethoxylated flavonoids cannot be ruled out and needs further investigation. Furthermore, HPLC analyses of the methanol extract \[[Figure 2](#F2){ref-type="fig"}\] showed that there was a high accumulation of rutin and myricetin and these compounds have been known to play antioxidant roles and possess LDL oxidation prevention capacity.\[[@ref38][@ref39][@ref40]\] Collectively, our results indicate that *S. dulcis* has high antioxidant and anti-inflammatory properties as shown using a cell line model and that this plant could also be a good source of anti-atherosclerotic compounds due to its sustained protection from oxidative modification of LDL and prevention of foam cell formation. Moreover, *S. dulcis* is a cost-effective medicinal plant because of its fast growth rate, low need for fertilisation and care as well as its abundant availability. Our work shows that this plant could potentially be a medicinally important food plant with a wide range of applications. However, further analyses of the biological activity of individual flavonoids need to be carried out for developing therapeutic and neutraceutical formulations.

CONCLUSION {#sec1-5}
==========

This study demonstrated that the methanol extract of *S. dulcis* leaves had the highest capacity in terms of scavenging free and peroxyl radicals. The extract also showed strong anti-inflammatory properties since it caused the highest inhibition of lipid peroxidation which is the main cause of numerous diseases including cardiovascular and neurodegenerative disorders. The extract showed prevention of the initial stages of atherosclerosis, LDL oxidation and foam cell formation, thus indicating its strong protective effect against inflammation. Since the methanol extract was found to be rich in flavonoids, the observed biological effect could be due to the presence of flavonoids here. However, more work needs to be done on characterisation and purification of the flavonoids which could be considered in food formulations for the production of inexpensive nutritional food items with health-benefitting properties.
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